A new device for inserting an absorber plate to divide a flat-plate channel into two subchannels to conduct double-pass wire mesh packed operations was developed. The proposed wire mesh packed device improves the heat transfer efficiency substantially as compared that to flat-plate single-pass and double-pass operations using the same working dimensions, and the improvement of device performance was investigated experimentally and theoretically. Good agreement between the theoretical prediction and the measured values from the experimental results was achieved. Considerable heat transfer improvement was obtained employing wire mesh packed double-pass operations under the absorber plate with external recycle. The influences of recycle ratio on the heat transfer efficiency and the power consumption increase were also discussed.
Introduction
Low temperature energy technology solar collectors are a special kind of heat exchanger that transforms solar radiation energy into internal energy of the working fluids flowing through the heat exchanger devices. Solar radiation collection by solar collectors has attracted a great deal of interest in 
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The energy-flow diagram for a finite system element used for making an energy balance equation is presented in Figure 2 . Before entering the lower subchannel in a double-pass device, the airflow (with air mass flow rate m  and inlet temperature Tin) will mix with the recycling airflow m R  and Tb,0 exiting from the upper subchannel. A conventional blower situated at the beginning of the lower channel controls the recycling air mass flow rate. The following assumptions were made in this analysis: (1) the temperatures of the absorbing plate, bottom plate and bulk fluid are functions of the flow direction only; (2) both the glass covers and fluids do not absorb radiant energy; (3) the radiant energy absorbed by the glass cover 2 (outer cover) is assumed to be negligible; and (4) all outside surfaces of the solar air collector, except the glass cover, are well insulated thermally. With the above assumptions the energy equations may be written as indicated. 
Temperature Distributions on Wire Mesh Packed Solar Air Heaters
The temperature distributions of both upper and lower subchannels can be obtained by solving the energy balance equations for the absorber plate, glass cover, airflow and bottom plate. By following the similar mathematical treatment performed in our previous work [26] , two simultaneous ordinary differential equation were obtained providing energy balances for the glass cover, absorber plate, bottom plate and both upper and lower subchannels, and rearranging with some algebraic equation manipulations as follows:
and thus, we get the analytical solutions of the temperature distributions of the flowing air in both lower and upper subchannels:
  
Bottom plate
Absorbing plate 
The definitions of Bi and Yi are described in the Appendix, and the constants k1 and k2 in Equations (3) and (4) were determined with the use of the following boundary conditions:
, and
Heat Transfer Coefficients of Wire Mesh Packing
The equivalent hydraulic diameter De,a and De,b of both subchannels in double-pass devices and De,0 in the single-pass one, respectively, can be expressed by the characteristic length in the present devices:
which the hydraulic radius rh for the lower subchannel of wire mesh packing conduit was defined by Varshney and Saini [27] , and the porosity P of the wire screen matrix was defined by Chang [28] :
The correlated equations for the upper subchannel were derived from Kays [29] and Heaton et al. [30] for turbulent flow and laminar flow, respectively, as follows: 
Heat Transfer Coefficients and Collector Efficiency Improvement
The total heat loss coefficient was estimated from the solar air collector to the surroundings is the summation of top, edge and bottom loss rate, i.e.,
An empirical equation of UT was developed [32] following the basic procedure [33] for the horizontal collector with two glass covers, as shown in Figure 1 , in which the edge UE and bottom UB loss Energies 2014, 7 7572 coefficients depend mostly on the insulation thickness by conduction. Moreover, the thermal resistance from the inner glass cover to the ambient air may be calculated with the aid of the heat-transfer coefficient for free convection of air between two glass covers by using Hottel's empirical equation [33] . The convective heat-transfer coefficient for air flowing over the surface of outer glass cover was calculated using the following empirical equation given by McAdams [34] :
The outlet temperature of Tb,0 can be calculated from Equation (7) with ξ = 0:
The useful energy gained by the flowing air was calculated from the following relation once the inlet and outlet temperatures are determined:
The collector efficiency ηW of a wire mesh packed solar air heater that relates the actual useful energy gain from the incident solar radiation was defined by plugging Equation (12) into Equation (16) as follows:
Therefore, the average temperatures of the absorbing plate are readily obtained by rearranging Equation (16) as follows:
The collector efficiency improvements, IF and IW, employing both flat-plate and wire mesh packed solar air heaters, respectively, are defined by the percentage increase in the collector efficiency related to a single-pass device under the same operating conditions as follows:
in which ηF, ηW and ηS, respectively, denote the collector efficiency in flat-plate type and wire mesh packed double-pass and downward-type single-pass solar air heaters.
The following are the system properties, operating conditions and essential physical properties employed in this study, as represented in Table 1 . The method for theoretical prediction of collector efficiencies in the present study is similar to that developed in our previous work [26] , except for the alternative configuration of the flow pattern. An initial value of ηW is calculated from Equation (16) coupled with the use of all appropriate equations for the given collector geometries, physical properties and operating conditions, once the average temperatures Ta,m, Tb,m and Tp,m are specified. The new guessed average temperatures Ta,m, Tb,m and Tp,m are then re-calculated using Equations (3), (4) and (17), respectively, with the iteration calculations until tolerance is small enough (say less than 1 × 10 −3 ).
Energies 2014, 7
7573
After the accurate outlet air temperature of Equation (14) is obtained, the corresponding value of the collector efficiency ηW is thus obtained in Equation (16) . The ambient temperature (Ts = (30 ± 0.1) °C) was controlled by using an air conditioner and measured at a position 0.15 m above the outer glass cover. A fan provided an ambient steady airflow wind of 1.0 m/s (EUPA TSK-F1426, 14" EUPA, Xiamen, Fujian, China) in the experimental runs. The air temperatures at the inlet and outlet of the solar collector and the temperature of the absorber plate were measured with thermocouples (TFC-305A, Hwa Tai Technology Co, Ltd., Taipei, Taiwan). The ambient air was steadily supplied by a blower (Teco 3 Phase Induction Motor, Model BL model 552, Redmond Co., Owosso, MI, USA) and the flow rate was controlled by a transformer, while the flow rate was measured by an anemometer (Model 24-611, Kanomax Japan Inc., Osaka, Japan). Before entering the lower subchannel, the airflow with mass flow rate m  and temperature Tin will premix the air flow 
Results and Discussion
Both qualitative and quantitative agreements are achieved between theoretical and experimental results, as indicated in Figure 4 and Table 2 for flat-plate and wire mesh packed solar air heaters with incident solar radiation, air mass flow rate and recycle ratio as parameters. 
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where Nexp, ηtheo,i and ηexp,i are the number of experimental runs, theoretical prediction and experimental results of collector efficiencies, respectively. The accuracy deviations are showed in Table 3 with two incident solar radiation I0 for both configurations with and without attaching wire mesh, respectively. The agreement between the experimental results and theoretical predictions is fairly good with the error analysis of for flat-plate and wire mesh packed devices, respectively, as shown in Table 3 .
The theoretical and experimental results indicate that both collector efficiencies, ηF and ηW, increase with increasing recycle ratio and mass flow rate owing to the fluid velocity enlargement with enhancing the convective heat-transfer coefficient. Moreover, the theoretical predictions of IF and IW for the flat-plate and wire mesh packed double-pass devices, respectively, under various incident solar radiation, air mass flow rate and recycle ratio are presented in Table 4 . The collector efficiency improvement, as shown in Table 4 , is helpful in examining how collector efficiency improves with various operating parameters and design types. With this comparison, the advantage of the present device for all air mass flow rates, especially with m  = 0.0107 kg/s and R = 2 are 96.32% and 94.32%, respectively, for I0 = 830 and I0 = 1100 W/m 2 .
Energies 2014, 7 The influence of the inlet air temperature on the collector efficiency improvement is shown in Figure 5 . The collector efficiency improvement increases with decreasing inlet air temperature. A double-pass solar air collector without recycle means R = 0 in the schematic drawing of a wire mesh packed double-pass solar air heater of Figure 1 , and the theoretical predictions were also represented in Figure 5 for various inlet air temperatures. A device performance improvement is achieved in the present study as compared to a double-pass solar air collector without recycle, as indicated in Figure 5 . 
7576
The present work is actually the extension previous work [26] except the recycle configuration. Figure 6 illustrates some theoretical predictions and experimental results obtained from [26] with the same design and operating parameters used in Figure 4 for comparison of the collector efficiency improvement. Further, both collector efficiencies, ηF and ηW, obtained in both devices increase with the air mass flow rate m  as a parameter, however, the increment in the present device was rather sensitive. This is because the larger amount of air flow, say ) 1 ( R m   , in the present device was heated in the upper subchannel and the extent of the higher improvement in the collector efficiency was achieved due to the desirable effect of the forced convection coefficient enhancement. The power consumptions for the flat-plate, wire mesh packed and single-pass solar air heaters, respectively, may be estimated using empirical correlations as follows: (22) in which:
    The hydraulic dissipated power consumption energy in operating both flat-plate type and wire mesh packed double-pass solar air heaters with external recycle are investigated with mass flow rate and recycle ratio as parameters, as shown in Table 5 . The theoretical results show that the hydraulic dissipated energy increases with increasing mass flow rate and recycle ratio. An economic consideration of device performance is examined by evaluating both collector efficiency improvement and power consumption increment, IW/IP,W and IF/IP,F, respectively, as illustrated in Figure 7 . The effects of various recycle ratio and mass flow rate on IW/IP,W and IF/IP,F are presented graphically in Figure 7 for both flatplate and wire mesh packed double-pass solar air heaters. These results reveal that an optimum operating condition exists between 0.5 and 1.0 for both flat-plate and wire mesh packed solar air heaters with various air mass flow rates and recycle ratios. Actually, there exists an economic selection in operating double-pass wire mesh packed solar air heaters at the optimal recycle ratio for the maximum value of IW/IP,W, which considers both the energy gain and energy consumption for making a good economic sense to achieve device operation profitability. Restated, the results confirm that the application of packing wire mesh to design a double-pass solar air heater is technically and economically feasible. Table 5 . The power consumption with recycle ratio and air mass flow rate as parameters. 
Conclusions
This study provides an alternative design for wire mesh packed solar air heaters with recycling operations. Significant improvements on the heat transfer efficiency are achieved by application of the recycle-effect concept to solar air heaters to conduct recycling double-pass operations. Recently, numerous papers have proposed exergy and energy analyses [37, 38] to understand the effect of embedding a porous medium inside solar air heaters. The energy efficiency obtained in the case of an air mass flow rate of 0.02 kg/s is 0.5 in Figure 3 of [38] , while at the air mass flow rate of 0.0214 kg/s and Tin = 30 °C in the present study, the value of collector efficiency is 0.52 with R = 0 in Figure 5 . The agreement of both results achieved by embedding a porous medium and inserting a wire mesh, respectively, is pretty good. The device performance of wire mesh double-pass solar air heaters with external recycle was investigated theoretically and experimentally with the aim of making economic sense with consideration of the hydraulic dissipated energy. Meanwhile, theoretical predictions of the collector efficiency as well as the ratio of efficiency improvement and power consumption increment, say IW/IP,W, in recycling wire mesh double-pass solar air heaters were carried out and calculated with air mass flow rate and recycle ratio as parameters. The results show that the wire mesh packed solar air heater is economically feasible to improve the collector efficiency under recycling operation due to the promotion of turbulence intensity. This work indicates that a suitable selection of operating conditions for the new design of recycling wire mesh packed solar air heater could enhance collector efficiency with a reasonable hydraulic dissipated energy increase. 
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